Amorphous foliaceous SiO 2 helical nanobelts with equidistant alternating bright and dark stripes are synthesized using thermal evaporation. A very thin polar crystalline layer spontaneously formed on the nanobelt surface stabilizes the twist and the internal shear stress imbalance induces the periodic reconstruction. The periodic bright and dark stripes disappear slowly with growth time because the polar crystalline SiO 2 layers are covered slowly by an amorphous layer. The polar surface-driven mechanism, which can adequately explain the appearance and disappearance of the periodic fringes, is verified theoretically. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3160736͔
The growth and properties of nanostructures have attracted much attention in recent years because of their interesting optical and electrical properties, as well as potential applications to nanoelectronics, nanomechanics, and optoelectronics.
1-5 As a quasi-one-dimensional nanostructure, the helical nanobelts exhibit a unique growth direction and typical rectangular cross section. [6] [7] [8] [9] Helical Si oxide and Si nanostructures are important microelectronics materials, 10, 11 and some helical Si oxide nanostructures have been obtained to investigate the formation process and physical properties. [12] [13] [14] In this letter, we report the fabrication of helical amorphous SiO 2 nanobelts using a thermal evaporation technique. Different from other nanobelts, 15, 16 the periodic bright and dark stripes on the amorphous twisted SiO 2 nanobelts surface disappear if the fabrication time is long. To better understand the phenomenon and the formation mechanism of the helical amorphous SiO 2 nanobelts stripes, the formation process is simulated. The formation mechanism can explain some experimental phenomena about stripes formation pertaining to amorphous nanobelts, which are obviously different from the stripes on ZnO nanobelts observed by transmission electron microscopy. [17] [18] [19] The helical amorphous SiO 2 nanobelt samples were produced by thermal evaporation. Si monoxide powders ͑99.99% purity͒ placed in an alumina crucible on one side of an alumina boat were evaporated onto a series of cleaned Si ͑100͒ substrates located 9-15 cm away on the other side of the alumina boat. The alumina boat was inserted into an alumina tube with the alumina crucible located at the center of an electric heater. The alumina tube was evacuated to a pressure of 1 ϫ 10 −3 Pa, and 99.99% Ar was introduced as the carrier gas at 150 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ throughout the experiment, during which the alumina tube was heated to 1300°C for 3 h. Finally, the alumina tube was cooled slowly to room temperature and the products were synthesized on the Si substrate. The x-ray diffraction ͑XRD͒ pattern of the products is shown in Fig. 2͑a͒ . The pattern reveals two broad peaks arising from amorphous Si oxide, indicating that the product is composed of mainly amorphous Si oxide nanobelts. In order to accurately determine the helical nanobelt components, the selected-area electron diffraction ͑SAED͒ pattern is displayed in Fig. 2͑b͒ and no light spots related to the crystalline component can be observed. Figures 2͑c͒ and 2͑d͒ present the Raman and Fourier transform infrared ͑FTIR͒ spectra. No Raman peak can be observed and it is indicative of the distinct amorphous Si oxide characteristics. 20 The FTIR peak at 810 cm −1 indicates that the Si and O ratio of the amorphous product is 1:2, and so the helical nanobelts comprise mainly of amorphous Si oxide.
Conventionally, amorphous Si oxide nanobelts will not roll themselves without an external load of surface stress. When we consider the existence of a thin crystalline Si oxide polar surface layer, the polar charges will cause the intrinsic stress. 10, 14 The spontaneous polarization dipole moment on the thin nanobelts with positively and negatively charged top and bottom surfaces increases the electrostatic, consequently forming the helical nanostructure to minimize or neutralize the overall dipole moment to form a stable shape, as illustrated in Fig. 3͑a͒ . We also conduct theoretical calculations according to the nanobelts structure model ͓Fig. 3͑b͔͒ to describe quantitatively the nanobelt surface changes. Previously, we have shown by high-resolution transmission electron microscopy that there exists a layer of thin crystalline SiO 2 on the side edge of the amorphous Si oxide nanobelt. 14 The lattice spacing in the crystalline SiO 2 layer is about 0.51 nm, corresponding to the spacing of the ͑010͒ plane of the ␤-SiO 2 phase ͑cristobalite͒. The structure of the ␤-SiO 2 phase has many polar planes such as ͕100͖, ͕101͖, ͕201͖, and ͕302͖, which are vertical to the ͑010͒ plane. These polar planes have different charge types and densities. Because the polarization dipole moment on the nanobelts surface acts as the external stress to induce periodic deformation of the nanobelt surfaces, the periodic deformation will affect the charge distribution, thereby explaining the growth of the alternating dark and bright stripes observed experimentally. In addition, the deformation of the nanobelt edges is obviously larger than of the central axis part driving the charges to the central part and leading to a pale central axis and a bright edge.
The elastic mechanical Poisson equation is introduced to explain theoretically why these stripes can appear on the nanobelt surface. 21 Satisfying the rectangular region boundary conditions ͓as shown in Fig. 3͑c͔͒ , the Poisson equation can be expressed as ٌ 2 =−2G and the Y direction shear stress y ‫ץ−=‬ / ‫ץ‬x. The stress function is
where G and = / 2 are the shear modulus and torsion angle. Clearly, the shear deformation can be affected significantly by the nanobelt periodic structure. Accordingly, the periodic deformation on the nanobelt surface can be simulated and the results are shown in Fig. 3͑c͒ . The surface charge density can be distributed periodically along the deformed surface. Figure 4 plots the stripe interval as a func- tion of the helical pitch ͑L͒ for a given nanobelt thickness and width. The stripe interval increases from 103 to 176 nm with increasing helical pitches. The intrinsic surface stress arising from the surface polarization dipole moment of the thin crystalline Si dioxide layer may be conceived as the external force that drives the periodic deformation. For the equivalent electrostatic energy, a larger helical pitch can dilute the charge density and decrease the per area shear stress, which is equivalent to increasing the strain period. To further determine clearly the shear stress behavior, the shear stress distribution as a function of helical pitches is shown in the inset of Fig. 4 , which discloses a pronounced periodic stress distribution. Figures 3͑d͒-3͑f͒ schematically illustrates the formation and disappearance of the alternating dark and bright stripes. First, the electrostatic interaction of the positively and negatively charged top and bottom nanobelt surfaces ͓Fig. 3͑d͔͒ induces periodic deformation on the nanobelt surface, and then the charge density changes correspondingly from a uniform to a periodic distribution ͓Fig. 3͑d͔͒. The higher electrical conductivity induced by a larger charge density in the valley is associated with the dark stripes, whereas the bright stripes correspond to the valley top with a smaller charge density. This schematic diagram can explain the stripe formation shown in Figs. 1͑b͒ and 1͑d͒. However, with increasing synthesis time, the newly grown amorphous Si oxide is only stable at the valley floor according to the lowest energy principle ͓Fig. 3͑e͔͒. Hence, the charge density difference between the valley top and floor is reduced and the discrepancy between the dark and bright stripes becomes smaller. Finally, the polarized crystalline Si oxide layer is covered by newly formed amorphous Si oxide and the periodic deformation becomes smooth in order to decrease the electrostatic energy ͓Fig. 3͑f͔͒. Thus, the uniform charge distribution eliminates the dark stripes resulting in bright uniform nanobelts ͓Figs. 1͑a͒ and 1͑c͔͒.
In summary, we have observed foliaceous helical amorphous SiO 2 nanobelts from the products grown via a thermal evaporation technique. The elastic mechanical Poisson equation is employed to explain the observed periodic dark and bright stripes on the nanobelt surfaces. Our results and mechanisms may explain the formation of other kinds of helical nanobelts. 
